Although a role for CD4 ؉ helper cells in CD8 ؉ cytotoxic T lymphocyte (CTL) induction by vaccines is widely recognized, much less is known about a counterbalancing role of CD4 ؉ T cells in downmodulating this response, or about ways to optimize vaccine responses through abrogation of this negative regulatory mechanism. Here, we discovered a synergistic enhancement of vaccinemediated CTL induction and protection by the relief of suppression through depletion of regulatory CD4 ؉ cells, including CD4 ؉ NKT cells, or blockade of IL-13 made by these cells, combined with the cytokine granulocyte͞macrophage colony-stimulating factor and the costimulatory molecule CD40L. Indeed, in the absence of helper epitopes, granulocyte͞macrophage colony-stimulating factor and the helper-mimetic molecule CD40L are not sufficient to replace help to induce CTL without abrogation of CD4 ؉ T cell-mediated suppression, suggesting a role for T cell help in overcoming suppression. The increased CTL induction translated to striking protection against viral infection by a vaccine by using this synergistic combined approach. These results argue for a push-pull approach to maximize vaccine efficacy, especially for HIV and cancer.
T
he challenge in developing vaccines against persistent virus infections, parasitic infections, and cancer is to elicit cellular immune responses sufficient to control effectively infection and disease in the face of mechanisms by which the disease evades immune control. High levels of CD8 ϩ cytotoxic T lymphocyte (CTL) responses seen in HIV-infected nonprogressors suggest that this response may quantitatively correlate with protection from progression toward disease (1) (2) (3) , and the protective role of CD8 ϩ cells has been confirmed by depletion studies in macaques (4, 5) . Although the progressive loss and dysfunction of the CD4 ϩ Th cell population is the hallmark of AIDS, the sequence of events that ultimately leads to diminution of CTL responses and failure to control infection is unclear. Recent approaches to AIDS vaccines have emphasized CTL induction, and several complementary strategies have been developed recently to enhance CTL responses to vaccines (6) .
Although studies have demonstrated that in virus infection specific CTL can be elicited in the absence of CD4 ϩ cell help or even costimulation (7, 8) , the role of Th1 CD4 ϩ cells in eliciting CTL responses to vaccines and in maintaining functional CTL responses in persistent infections in mice, monkeys, and humans is compelling (2, (9) (10) (11) (12) (13) (14) (15) . Thus, understanding ways to provide such help is critical in developing effective vaccines.
Here we show that abrogating CD4 ϩ cell-mediated suppression plays a significant role in eliciting a CTL response both in the presence and absence of CD4 ϩ cell help, and partially affects the need for help, and that optimizing this response requires potent cytokines and immunomodulating agents. A vaccine that elicits CTL responses in the absence of continued CD4 ϩ cell help and suppression would be especially valuable in the immunotherapy of chronic diseases such as HIV infection and cancer.
Several types of CD4 ϩ T cells that can suppress other T cell responses have been described, including the CD4 ϩ CD25 ϩ suppressor cell (16) , conventional Th2 cells (17) , Th3 or Tr1 regulatory cells (18) , and CD4 ϩ natural killer (NK) T cells that we have found to inhibit natural tumor immunosurveillance through a mechanism involving IL-13 (19) . Here, we find that the suppression of the vaccine response apparently is due at least in part to the NKT cell, because we can enhance vaccine efficacy by blockade of IL-13 or use of CD1-deficient mice that lack NKT cells.
Granulocyte͞macrophage colony-stimulating factor (GM-CSF) alone has been used as an adjuvant in several vaccine studies (20) (21) (22) (23) . In previous work, we have shown that GM-CSF enhances the magnitude of both cellular and humoral immune responses to vaccine constructs by recruiting professional antigen-presenting cells (APCs) to inductive sites without skewing Th phenotype (24, 25) . We have also found that CD4 ϩ Th1 cell responses favor CTL induction and that GM-CSF acts synergistically with the Th1-inducing cytokine IL-12 to elicit CTL (24, 26) . However, in a CD4 ϩ T cell-mediated viral protection model a third cytokine, tumor necrosis factor ␣, was necessary to achieve complete protection (25) . We have recently established that levels of CD40L expression on activated CD4 ϩ Th cells correlated with functional ability to provide help for CTL induction (27) , and we as well as others have shown that the mechanism of help involves signals communicated through CD40L-CD40 interaction to activate professional APCs to produce IL-12, IL-15, and enhanced costimulation (12, (27) (28) (29) (30) (31) ). An expression plasmid for CD40L has been used as an adjuvant in a DNA vaccine to increase cellular and humoral immunity (32, 33) , and it has recently been shown that tumor cells transduced with the genes for GM-CSF and CD40L are effective at recruiting tumor-infiltrating dendritic cells capable of eliciting cellular immunity by a cross-priming mechanism (34) . However, such a combination of GM-CSF and CD40L has not been tested for synergy in a vaccine. Therefore, we tested the combination of GM-CSF and CD40L for the ability to enhance synergistically vaccine induction of CTL responses. We reasoned that if GM-CSF recruits more professional APCs to the draining lymph nodes (25) , and then CD40L matures and activates them, the combination might be synergistic. Further, if the primary role of T help is to activate APCs through GM-CSF and CD40L, we asked whether the combination of these might substitute for CD4 ϩ T cell help. Here, we find that this combination is not This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: APC, antigen-presenting cell; CTL, cytotoxic T lymphocyte(s); NK, natural killer; GM-CSF, granulocyte͞macrophage colony-stimulating factor. sufficient to replace help unless CD4 ϩ -cell-mediated suppression is abrogated, suggesting that an additional unexpected function of CD4 ϩ help is to overcome CD4 ϩ -cell-mediated suppression.
Materials and Methods
Mice. BALB͞c mice were obtained from the Charles River Breeding Laboratories. CD1(Ϫ͞Ϫ) mice were obtained from the breeding colony of W. Paul, from breeders obtained from M. Grusby (35) , after eight backcrosses to BALB͞c. The CD1 knockout mice did not reject BALB͞c skin, and their spleen cells did not proliferate in response to BALB͞c spleen cells (M. Terabe and C. Khanna, unpublished observations). All animal work was performed in accordance with National Institutes of Health guidelines.
Vaccine Constructs and Immunizations. Multideterminant cluster peptides (36) containing overlapping T helper cell epitopes that elicit help in mice and humans of multiple MHC types were colinearly synthesized with P18IIIB, the major neutralizing antibody epitope located at the tip of the V3 loop and an immunodominant CTL epitope in mice (37) to form a synthetic peptide vaccine construct (38) . The constructs used for immunization were PCLUS 3-18IIIB, KQIINMWQEVGKAMYAPPISGQIR-RIQRGPGRAFVTIGK, comprising Th determinants from HIV-1 IIIB envelope, amino acid residues 421-444 according to numbering in the Los Alamos sequence database (39) linked to P18IIIB shown in bold, amino acid residues 308-322), and PCLUS 6.1-18IIIB, DRVIEVVQGAYRAIRHIPRRIRQGLERRIQRGP-GRAFVTIGK, consisting of the helper segment PCLUS6.1 (residues 827-853) followed by P18IIIB. We also used the minimum class I, D d binding peptide epitope, I-10 (RGPGRAFVTI) (40) . Peptides were synthesized and purified by Multiple Peptide Systems (San Diego), and were single peaks on HPLC in two solvent systems as well as by mass spectrometry. Cytokine GM-CSF (PeproTech, Rocky Hill, NJ) and dendritic cell-activating factor CD40L trimer (Immunex, Seattle) were given s.c. incorporated in the emulsion adjuvant ISA-51 (Seppic, Fairfield, NJ). In vivo depletion of CD4 ϩ cells was achieved by four doses of anti-CD4 antibody (GK1.5, 0.5 mg per mouse per 0.1 ml) given i.p. 1 day before immunization and for 3 consecutive days. IL-13R␣2-Fc (Wyeth-Genetics Institute) (200 g) was given i.p. on days 0, 1, 2, 4, and 6 after immunization. CTL Assay. Bulk spleen cell populations from immunized mice were restimulated in vitro with peptide-pulsed (0.5 M P18MN for 2 h) syngeneic spleen cells in 12-well plates (Costar). Twenty hours later, Rat T Stim (Collaborative Biomedical Products, Bedford, MA) was added as a source of IL-2 to a final concentration of 7.5%. Six days later, nonadherent cells were spun over mouse Lympholyte M (Cedarlane Laboratories), and replated in fresh medium without IL-2. Cells were harvested on days 7 and 8 to test for CTL activity as described. Nonspecific background lysis was less than 10% except when the IL-13 inhibitor was used, where the background was 15-20%.
Virus Challenge. Recombinant vaccinia virus vPE16 expressing HIV-IIIB gp160 envelope protein was a kind gift of B. Moss and P. Earl, National Institute of Allergy and Infectious Diseases, National Institutes of Health (41) . Virus was injected i.p. into female mice in protection experiments, and ovaries were harvested 5 days after challenge. Ovaries were homogenized in 1 ml of medium, suspensions sonicated, and virus titered by plaque assay on BSC-1 cells (25) .
Statistical Methods.
A two-way analysis of variance was applied to CTL data, thereby averaging the respective values for each curve over all of the E:T ratios above background. Means for each treatment were compared by using Tukey's multiple comparison test or Dunnett's method and significance determined at ␣ ϭ .05. Departures from additivity (synergism or antagonism) were assessed by using the construct AB ϩ control Ϫ A Ϫ B, where A and B denote individual treatment factors, and AB denotes the combination. Protection from viral challenge data were analyzed by using both an unequal-variance t test (Welch's ANOVA) and the nonparametric Wilcoxon Rank Sum. In some pairwise comparisons variance of log 10 viral titers were equal resulting in analysis by the Student's t test. Statistically significant differences between groups were determined at P values Ͻ0.05, Ͻ0.01, and Ͻ0.001. Analysis was performed by using JMP (SAS Institute, Cary, NC) statistical software for the Macintosh.
Results

Synergy of Cytokine GM-CSF with Costimulatory Molecule CD40L.
We tested the hypotheses above by using two different Th-CTL HIV-1 peptide vaccine constructs (42), PCLUS 3-18IIIB and PCLUS 6.1-18IIIB, with distinct helper epitopes. With both vaccines, the combination of GM-CSF and CD40L incorporated in the emulsion adjuvant was synergistic in enhancing CTL induction ( Fig. 1 A and B) . As previously found, GM-CSF alone enhanced the vaccine-induced CTL response, whereas CD40L alone provided some enhancement after boosting (not shown) but did not significantly enhance the CTL response after a single immunization ( Fig. 1 A and B) . Thus, the combination of GM-CSF and CD40L is synergistic. We conclude that recruitment of professional APCs to the induction site by GM-CSF is a prerequisite for the effect of CD40L in activating sufficient APCs to optimize induction of naïve CD8 ϩ CTL precursors. To determine whether this combination of agents could bypass CD4 ϩ T cell help elicited by the vaccine constructs for induction of CTL, in view of the role of CD40L in mediating the mechanism of help (27) (28) (29) (30) (31) , we immunized mice with the free CTL epitope peptide I-10 in adjuvant, without a helper epitope. The combination of GM-CSF and CD40L was unable to substitute for CD4 ϩ -mediated help in eliciting CTL (Fig. 1C) , even when animals were immunized with a 4-fold higher molar dose (80 nmol) of the CTL epitope, I-10, than given in the Th-CTL vaccine construct. Thus, we hypothesized that help served to do more than recruit and activate APCs, despite the findings cited above that much of CD4 help for CTL is mediated by CD40L, and that anti-CD40 could bypass CD4 ϩ cell help in a tumor model (43) .
Conflicting Roles of CD4 ؉ Cells. To examine the mechanism, we used another method to bypass CD4 ϩ cell help. We depleted animals of CD4 ϩ T cells with anti-CD4 treatment 1 day before and 3 consecutive days after immunization. Depletion was verified by the absence of double-positive CD3 ϩ CD4 ϩ cells in spleens of treated mice 14 days after depletion (Fig. 2E ) and the absence of a proliferative response in treated animals to in vitro stimulation with T helper peptides. Because BALB͞c mice lack the NK1.1 marker, we cannot distinguish depletion of NKT vs. conventional helper T cells except by function; but in the tumor model, similar anti-CD4 treatment depleted suppression more than it depleted help (19) . However, the CD4 ϩ cell depletion in vivo resulted in less than a 10% enrichment in the fraction of spleen cells that were CD8 ϩ , so the effects seen were not simply due to cell enrichment (data not shown). Surprisingly, anti-CD4 treatment enhanced the CTL response in animals immunized with the Th-CTL vaccine construct, PCLUS 3-18IIIB (compare Fig. 2 A and B) and was essential for induction of CTL to the free CTL epitope I-10 ( Fig. 2C) . Paradoxically, in the absence of a helper T cell epitope, removal of CD4 ϩ cells actually revealed a CTL response. Thus, it seemed that a regulatory CD4 ϩ cell was blocking induction of CTL to immunization with the free CTL epitope and down-modulating the response to the Th-CTL vaccine construct. Furthermore, the combination of dendritic cell-activating factors GM-CSF and CD40L was necessary for eliciting optimum CTL responses in CD4 ϩ -depleted animals. Thus, we conclude that GM-CSF and CD40L ligand could replace CD4 cell help if the negative regulatory influence of another CD4 ϩ cell was eliminated.
Several possible CD4 ϩ regulatory cells might play a role in inhibition of induction of CTL by immunization with vaccine constructs. These include the CD4 ϩ CD25 ϩ suppressor cell (16) , conventional Th2 cells (17) , Th3 or Tr1 regulatory cells (18) , and CD4 ϩ NKT cells that we have found to inhibit tumor immunosurveillance (19) and that others have found to play a role in immune privilege in the eye (44) and in allograft and xenograft tolerance (45, 46) . Because the suppressive effect of CD4 ϩ cells was induced when the immunogen was the pure class I-restricted CTL epitope peptide I10, which does not bind to class II molecules in BALB͞c mice (40) or elicit a conventional CD4 ϩ cell response or antigen-specific T cell proliferation, we believe the suppressor cell is less likely to be an antigen-specific CD4 ϩ cell such as a Th2 cell, a Th3 cell, or a CD4 ϩ CD25 ϩ suppressor cell. To distinguish among some of these possibilities, we immunized CD1(Ϫ͞Ϫ) mice, that lack NKT cells, with the Th-CTL vaccine construct PCLUS 6.1-18IIIB. A higher CTL response was seen in CD1(Ϫ͞Ϫ) compared with intact BALB͞c mice when GM-CSF and CD40L were used in the vaccine (Fig. 2D) . Furthermore, depleting CD4 ϩ cells by anti-CD4 treatment during immunization did not further enhance the CTL response in CD1(Ϫ͞Ϫ) mice although the response dramatically increased in normal BALB͞c (Fig. 2D) . This result suggests that the CD4 ϩ suppressive cell is already absent in the CD1(Ϫ͞Ϫ) mice and so cannot be further deleted, implicating the CD4 ϩ NKT cell as the primary suppressive cell in this response.
Synergy of GM-CSF and CD40L in Protection Against Viral Infection.
The ultimate measure of viral vaccine efficacy is protection against virus, not just induction of CTL. To determine whether immunization with the synergistic combination GM-CSF and CD40L would enhance protection from viral challenge, we immunized animals twice with the vaccine construct PCLUS 6.1-18IIIB and challenged i.p. with 1 ϫ 10 7 plaque-forming units (pfu) of recombinant vaccinia virus expressing HIV-1 IIIB gp160. Only animals that received both GM-CSF and CD40L were completely protected in this CD8 ϩ CTL-dependent viral challenge model (Fig. 3A) . Indeed, the synergistic combination of GM-CSF and CD40L was required for complete protection in both intact and anti-CD4-treated animals (P Ͻ 0.01). In the mice receiving only peptide vaccine PCLUS6.1-18IIIB without cytokines, the variance was too great to see a statistically significant effect of CD4 depletion. The high level of CD8 ϩ CTL elicited in CD1(Ϫ͞Ϫ) mice receiving GM-CSF and CD40L also correlated with complete protection in untreated and anti-CD4-treated animals (P Ͻ 0.01) (Fig. 3B) . However, in accord with the CTL response (Fig. 2D) , anti-CD4 treatment did not significantly further improve the protective response in CD1(Ϫ͞Ϫ) mice, consistent with the major CD4 ϩ -suppressive cell in this system being CD1-dependent (Fig. 3B) . In a pilot experiment, we also found GM-CSF and CD40L to be essential for protection in the group of anti-CD4-treated animals immunized with the free CTL epitope I-10, thereby bypassing the need for CD4 helper cell function in this vaccine model (data not shown). Thus, although suppression of CTL induction against the free CTL epitope I-10 can be relieved by anti-CD4 treatment, enhancement of this response by dendritic cell-activating factors GM-CSF and CD40L is required to elicit a response of sufficient magnitude to afford protection from viral challenge.
Enhancement of Vaccine-Induced CTL Response by Inhibition of IL-13.
We had shown the cytokine IL-13 made by NKT cells was responsible for suppression of CD8 ϩ CTL-mediated tumor immunosurveillance and allowing tumor recurrence (19) . We therefore wanted to see whether IL-13 played a role in inhibiting vaccine induction of CTL. When BALB͞c mice were treated with IL-13R␣2Fc, an in vivo inhibitor interfering with IL-13 binding to its receptor, a significant enhancement in CTL occurred in those immunized with the vaccine plus GM-CSF or GM-CSF and CD40L (Fig. 4 B and C) . Enhancement of the CTL response to the peptide vaccine construct by inhibition of IL-13 during immunization was at least as great as that induced by depletion of CD4 ϩ cells during immunization. Thus, an inhibitory activity of a CD4 ϩ -positive cell population down-modulates CTL induction and could be abolished by anti-CD4 treatment or by giving animals IL-13R␣2-Fc as an inhibitor of IL-13. This effect of treating animals with IL-13 inhibitor at the time of immunization also had a significant effect on maintaining memory CD8 ϩ CTL. When spleen cells from another group of mice were tested 7 weeks after a single immunization with the vaccine construct, animals treated with the IL-13 inhibitor showed a significantly higher level of CTL response than animals without the inhibitor (Fig. 4 D-F , P Ͻ 0.05). This effect was most pronounced in the group given GM-CSF and CD40L. The responses in all of the IL-13R␣2Fc-treated groups were better than those in the vaccinated groups receiving anti-CD4 treatment, consistent with a positive role for CD4 ϩ cells in maintaining memory lost with anti-CD4 treatment but not disrupted by the more selective treatment with the IL-13 inhibitor. In fact, treatment with the IL-13 inhibitor led to a slight enhancement in CD4 ϩ proliferation to the vaccine construct PCLUS 6.1-18IIIB compared with immunized groups that did not receive the IL-13 inhibitor or those groups receiving anti-CD4 treatment, in which no significant proliferation above background was seen (data not shown). In addition, the IL-13 inhibitor significantly increased the levels of CD8 ϩ IFN-␥ production in animals immunized with PCLUS6.1-18IIIB and GM-CSF and CD40L, and these IFN-␥ levels correlated with the CTL response (data not shown).
Enhancement of Protection Against Viral Infection by Inhibition of
IL-13, and Synergy with Cytokines. To see whether the enhancement of CTL activity by the IL-13 inhibitor would translate to increased protection, we immunized mice that had been treated with IL-13 inhibitor or depleted of CD4 ϩ cells and challenged them with a recombinant vaccinia virus expressing HIV-1 gp160 (Fig. 3 C and D) . In this experiment we used GM-CSF without CD40L to distinguish better protection with and without IL-13R␣2-Fc or anti-CD4, because with CD40L as well included in the immunization, maximal protection was achieved without these treatments (Fig. 3 A and B) . IL-13R␣2Fc improved protection of mice immunized with peptide and GM-CSF (Fig. 3C) , although not in the absence of GM-CSF, exactly parallel to the enhancement of CTL activity primarily in the presence of GM-CSF (Fig. 4) . By the Welch's ANOVA test, the groups treated with GM-CSF plus IL-13 inhibitor or anti-CD4 were both statistically different from the unimmunized control group (P Ͻ 0.01), whereas the group with GM-CSF alone was not quite significant (P ϭ 0.06), indicating that blocking the suppressive pathway led to more significant protection. Further, in mice immunized with the free CTL epitope I10 alone, with GM-CSF and CD40L, protection was increased by use of IL-13R␣2-Fc as an inhibitor of IL-13 just as effectively as depletion of CD4 ϩ cells (P Ͻ 0.01 for both) (Fig. 3D) . Thus, the more selective inhibition of IL-13 was as effective as CD4 ϩ cell depletion in overcoming negative regulation and enhancing protection against viral infection, presumably without the potential negative side effects of CD4 ϩ cell depletion, and thus maybe a valuable new approach to enhance vaccines.
Discussion
The current results show that CD4 ϩ cells both positively and negatively regulate CD8 ϩ CTL responses, and that whereas the combination of dendritic cell-activating agents GM-CSF and CD40L can substitute for some of the positive effects of helper CD4 ϩ cells, this combination is not adequate to overcome the negative regulatory influences, which are somewhat surmounted by actual CD4 ϩ Th1 helper cells. Thus, CD4 ϩ T cell help seems to contribute to overcoming suppression, perhaps by adjusting the cytokine balance, as well as to activate APCs. CD40L and GM-CSF together, although capable of activating APCs, are not sufficient to replace CD4 ϩ T cell help as long as suppression is present. Rather, a third component, relief of suppression, is needed to replace T cell help fully.
The suppressive effects of CD4 (16) ] may contribute to this suppressive effect, and both NKT and Th2 cells can make IL-13 (19, 47) , but on the basis of the use of CD1 knockout mice, a major mechanism may involve NKT cells. Indeed, the fact that no further enhancement is achieved by anti-CD4 treatment in CD1 knockout mice suggests that the major suppressive cell being deleted by anti-CD4 in this system is the NKT cell, which is already absent in the CD1 knockout mice (Fig. 2D) . Moreover, because inhibition of IL-13 was as effective as CD4 depletion in increasing CTL activity (Fig. 4) , it is likely that the major mechanism of CD4 ϩ T cellmediated suppression in this system involves IL-13. Combining these last two points would lead logically to the conclusion that the major suppressive mechanism here requires IL-13 production by NKT cells. However, we cannot exclude a contribution by IL-13 made by other cells. The current findings are important not only in understanding the conflicting role of CD4 ϩ T cells in CTL responses, but also in designing a vaccine to activate CTL maximally. One combination that achieves this effect in optimizing vaccines is the synergistic combination of GM-CSF and CD40L to push the response (especially when help is weak) used in concert with an inhibitor of IL-13 to relieve the negative regulatory effects that dampen the CTL response.
Our results represent an important direction in optimizing vaccine induction of CD8 ϩ CTL responses. Relief of suppressive cell interactions or cytokine-mediated suppression may prove to be essential for eliciting cellular immune response in persistent viral infections and cancer. Although such immunosuppressive mechanisms have been of interest in transplantation, autoimmunity, and cancer, approaches to inhibit these have not been applied to the optimization of vaccines for infectious diseases. Because these ongoing disease states involve manifold mechanisms of immune deviation and suppression, identification and development of molecules that block suppressive cells and their cytokines may also have a therapeutic potential in enhancing preexisting immunity.
We have recently demonstrated both a quantitative and qualitative role for CD40L-CD40 interaction in polarizing dendritic cells toward driving Th1 responses and CTL induction (27) . Although dendritic cells may be activated and CTL elicited in both CD4-dependent and independent pathways (48, 49), a critical role for CD4 ϩ help mediated through CD40L-CD40 interaction in eliciting protective antitumor immunity (32, 50) and maintaining memory CTL responses, particularly in resolving chronic viral infection (8, 12) , emphasizes the need for eliciting optimum CD4 ϩ effector function in vaccine immunotherapy. Here, we have shown that CD4 ϩ T cell activity may have opposing effects on vaccine induction of CTL, so that CD4 ϩ cell depletion paradoxically enhances vaccine effectiveness when exogenous cytokines and costimulatory molecules are included to compensate for loss of T cell help.
Cytokines that recruit and activate antigen-presenting cells, such as GM-CSF, and Th1-promoting cytokines, such as IL-12, synergistically enhance vaccine-induced CTL responses (24, 26) . Here we show that enhancing help is a major factor in eliciting optimal CTL responses; however, when help is absent or limiting, relieving suppressive cytokine influences such as the one we have demonstrated here for IL-13 may be essential for eliciting CTL responses. The push-pull combination of enhancing cytokines such as GM-CSF and IL-12, and molecules that enhance antigenpresenting function and costimulation, such as CD40L, with inhibitors of negative regulatory mechanisms, such as IL-13-mediated suppression, may optimize vaccine efficacy and overcome some of the mechanisms by which viruses and cancer evade protective immunity. In HIV-infected patients, this approach may synergize with antiretroviral therapy.
